I. INTRODUCTION
Currently, no affordable single energy source is able to deliver both the specific energy and the specific power needed to a fully functional general purpose electric vehicle (EV) [1] . Most academic researchers in energy storage field, point as the most viable energy sources to apply in electric vehicles, batteries, fuel cells, supercapacitors (SCs) and flywheels. Batteries, in spite of being the most mature energy source, are bulky, heavy, and cannot deliver either the needed specific energy or specific power. Fuel cells are a promising technology but not a mature one, they offer good specific energy, but are incapable of accepting regenerative energy. Supercapacitors, as primary energy source in a standalone application, are ineffective, since they are unable to deliver the required specific energy, although having very good specific power characteristics. Flywheels are a technologically immature resource to be used as an energy storage system in an electric vehicle (EV) [2] .
The abovementioned difficulties lead to the idea of connecting two or more energy sources to take advantage of the better characteristics of each of them and improve both vehicle driving range and cycle life of those devices [3] [4] [5] [6] [7] . So far, the most relevant combinations that can be found in literature are: batteries/SC [8, 9] ; FC/SC [10] ; FC/batteries [11] and FC/batteries/SC [11, 12] . In the present work, hybridization recurring to batteries and SCs was the chosen energy storage topology, due to their affordable cost, and complementary energy and power characteristics. In addition, each energy source in the EV has its own DC/DC converter (see right part of Fig. 1 ), since it add more flexibility in management of the power supplied by each source [2] . This hybrid system must be endowed with an energy management system (EMS) able to monitor, combine and optimize the power flow, targeting the increase in the storage unit lifetime and the EV range per charge. In order to achieve this goal, this article is concerned with the study and development of the first control layer in the EMS responsible for the regulation of the DC link voltage and the energy sources currents. Starting from theoretical studies, a model of the multiple-input DC/DC converter was simulated and used to design the DC-link controller. Based on the results of the simulations, a first prototype was then designed and implemented; some experiments are carried out on a laboratory prototype to demonstrate the good performance of the proposed controller.
II. DESCRIPTION OF THE DC LINK CONTROL
The proposed control structure, shown in Fig. 1 , is composed by a cascade of voltage and current controller, and, on top of that, the SC state of charge (SOC) reference generator. The voltage controllers are related with the two main objectives of the system: (i) regulate the DC Bus (v out ) to a constant voltage reference (v out * ); (ii) control the SC voltage (v SC ) to a given reference (v SC * ), which, in fact, is an indirect control over the SC SOC (q sc ). The former objective, the constant DC bus voltage, represents a typical requirement in the EMS of EVs, given the nature of the loads connected to the converter output, e.g. the voltage source inverter(s) of the electric motors [13, 14] . Regarding the second objective, the SC SOC (indirect) control, this is a strategic component to optimize the power sharing between the two energy sources and reduce the overall losses. Finally, on the lower level, fast Proportional + Integral (PI) controllers impose the converters current, demanded by the voltage controllers, by manipulating the converters duty cycles (d).
In Fig. 1 and in the following, the variables with the superscript ' * ' are reference values that should be imposed by the control system and, to make a clear distinction between the currents in the energy source side and in the DC -link side (output), the nomenclature i' is employed in the later case.
A. Optimal SC SOC Generation
The SC SOC is a key variable to ensure an efficient distribution of energy between the SCs and the batteries, as discussed in the literature [15] [16] [17] . However, the optimal selection of the SC SOC reference is a very challenging problem since it depends on the vehicle running conditions, e.g. the driving cycle, which are not always known in advance. Thus, even if optimal noncausal solutions are known [15] , these cannot always be implemented in practice and causal solutions, based on Neural Networks [16] , stochastic control [17] , among others, are normally employed in real vehicles. In this work, our main objective is to provide a simple and robust DC-link control, capable of regulating the energy sources currents and output voltage, on which the SC SOC optimal generator can rely. Consequently, the remaining article focus only on the DC-link control, and it is assumed that the (hypothetical) optimal SC SOC reference (q sc * ) is known, which is then translated to a SC voltage reference (v SC * ), using well known relations between the SC SOC and voltage, i.e.
, where is the nominal SC voltage (see the top left of Fig. 1 ).
B. Voltage and Current Control Loops
The design guidelines for tuning the current and voltage control loops are discussed in this section. The reason for analyzing these two layers simultaneously is related with the fact that the same design methodology can be applied to tune all these controllers. To assist in this design, consider the average model of the DC/DC boost converter [18] :
(please refer to the right part of the Fig. 1 for the variable definitions). Based on this model, and following reasonable assumptions, discussed shortly, we can establish several relations between the triples , , , i.e. the inputs , outputs and disturbances :
A summary of these relations is presented in Table I . For 1,2 we have the duty cycle/current relation for the SC and battery currents, which assumes that, for the current control loop, the output voltage can be seen as a slowly varying parameter. For 4 we have the output voltage loop, where it was assumed that the current loop dynamics can be neglected and the converter output current ( ) can be directly manipulate (this assumption will be clarified shortly). Finally, for 3 we have the SC voltage control, which is instrumental to control the SC SOC.
Analyzing the structure of (5), it can be notice that it is composed by an integrator perturbed by the ρ term. If we assume that the disturbance varies slowly 1,2,4 or can be neglected 3 , then we can employ a simple PI control method to regulate the output and eliminate the disturbance effects, as suggested in previous power electronics works [19] . As a result, the PI control action can be defined as: 
Since the closed loop system is of second order, the designer has the freedom to define the damping ratio and the natural frequency , for each control loop, and, based on this choices, it is straightforward to extract the PI gains for each loop:
Naturally, since it was assumed a fast current response, the natural frequency , , , associated with the current loops should be much higher than the DC bus voltage, while the SOC controller will have the slowest dynamics.
The final implementation of these controllers must follow some practical guidelines: 1) to avoid the negative effects of transfer function zero (see (7)), we must cancel it by inserting a low pass filter in the reference path with a time constant of . 2) Anti-windup mechanism are a must have in these controllers to attenuate the problems when the input signals saturates. To this aim, we incorporated the back-calculation technique in the PI feedback loop [20] . 3) In the output voltage loop 4 , a common trick to ease the controller design is consider the converters output current ( ) as the manipulated variable of the voltage controller. However, in practice, we only have direct control of the SC and battery current ( , ). In order to overcome this problem, we can use the input/output power balance in the DC-DC conversion (assuming a lossless converter) to find a relation between the converter's input and output currents:
This method is also known as the decoupling method [19] . Based on this approach, and taking in consideration the Kirchhoff's current law for the output node: ,
the battery current (reference) is defined as:
and establishes the basic cooperation mechanism between the the two energy sources in the system. For example, when the SC current is zero, 0, the previous equation defines that the battery will be the only energy source supplying the desired output current . On the other hand, if 0 and . and have the same sign, the SC will assist the batteries and reduce their peak current stress. The previous relation is also essential to ensure a decoupled control between the SC and output voltage.
III. SIMULATION RESULTS
In order to validate the proposed control system described in previous section, the DC-DC boost converters were modeled in Matlab/Simulink. The main system parameters and control specification employed during the simulations can be found on Table II . According with the discussion in the previous Section, the inner controllers (current) were selected with a relative high bandwidth (1 kHz), while the voltage controllers were defined with a slower dynamics (25 Hz for the DC Link and 1 Hz for the SC voltage).The simulation test, shown in Fig. 2 , intends to validate the correct behavior of the four control loops, designed in the previous section. The analysis of these results can be divided in 3 parts:
1. System Startup [0.0, 0.1]s: during this phase, the system elevates, for the first time, the output voltage to the 300V, nominal value for the DC-link voltage. Since the SC is with the desired charge, only the battery current is being used to boost the output voltage. Analyzing the v out and plots, it can be observed that both variables show a fast response and are in accordance with the expectation, i.e. no overshoots and small tracking error.
2.
Step (12), and due to the absence of load current, the batteries must absorb the discharge power generated by the SC. One can also find that, during this period, goes negative to handle the surge power, which is performed without interfering with the DC output voltage regulation. Note that, the SC voltage is a relative "slow" variable, thus, it take some time to reach the reference value (not shown in the figure) . In addition, it is important to mention that, during the test, the maximum allowed SC current was fixed at 50A.
3.
Step in load current [0.2-0.4]s: in order to evaluate the DC-link voltage control against load current disturbances, positive and negative steps of 50A were applied to i' L at 0.2s and 0.3s, respectively. These disturbances introduce a regulation error in the DC-bus link, but the controller is able to quickly attenuate them, by modifying the and compensate the +/-15kW power surge and the SC power requests. The maximum voltage error introduced in the DCbus during this period is inferior to 6.7% (20V).
Finally, during this test, it can be observed that the reference ( , ) and measured currents ( , ) are almost indistinguishable, demonstrating a very satisfactory current regulation. Additional tests, related with the DC-link control performance over a traditional driving cycle, e.g. the FTP75, provided further validation of the controller, but had to be omitted in this paper due to space constraints.
IV. EXPERIMENTAL RESULTS

A. Implementation of the DC-DC converters Test-Bench
The proposed control architecture technique was applied in hardware to be verified experimentally. A two sources system has been built, as shown in Fig. 3 , with a NiMH battery bank and a SCs bank connected to the DC link through buck-boost converters. The used test-bench was performed by a reduced scale voltage (3x), the sources and the DC link level are downsized, but the bench is designed to be kept the same range of the duty-cycles values applied to the simulated double input DC-DC converter. A summary of the components used in this experimental setup is listed below: 
B. Experimental Validation
The control strategy was implemented in the cRIO real time controller and can be divided in two phases. The first phase, coded in the cRIO FPGA, is responsible for: (i) acquiring and filtering the sensor data, related with the voltages and currents in the DC-link system, and (ii) generating the PWM gate signals to the converters. The second phase is performed in the cRIO processor and contains the higher control layers for the DC-link control, i.e. the current and voltage (PIs). For debugging purposes, the battery and SC current PI controllers were implemented in the cRIO processor. Although this later decision enabled a faster development time, it also poses some constraints on the PI's maximum update rate, due to the slow responsiveness of the cRIO processor (which, in our case, is restricted to 1kHz). Because of this, the closed loop bandwidth of the voltage and current controllers, , , was defined with a conservative value (~10x inferior to the simulations), i.e. ω n,1,2 =100 Hz and ω n,4 =3 Hz. In addition, during this validation test, the SC voltage controller was disabled and the SC current setpoint was manually defined in order to facilitate the generation of the charge/discharge patterns.
The experimental results are presented in Fig. 4 and Fig. 5 As it was performed in the simulations, the experimental tests were conducted in three different procedures, namely: system startup, steps in SC current reference and step in load current. The two first procedures (system startup, assigned as A, and steps in SC current, assigned as B) are shown in Fig. 4 . The startup procedure is between [7.0, 8.0] s and the system aims to raise, for the first time, the DC Link voltage to the 108 V when the system feeds a constant load (55 Ω). It was considered, again, that the SCs have the desired charge level, thus i sc * =0, and the battery is the only energy source supplying current to boost the output voltage. The v out starts with the level of the battery and to increase the voltage to 108 V in 0.4 s, the batteries respond with a 5 A current rapid step. During the startup voltage boost, there is a small transient in the SCs current representing a small charge of the SCs by the system. The (resistive) load current rises with increasing tension, stabilizing at the nominal value for the considered load (close to 2 A). In spite of a slower dynamic response of the controllers than the used in the simulations, the voltages, currents and duty-cycles have an evolution in perfect accordance with the intended with no overshoots and a small tracking error. Then, after the DC-link voltage stabilization, an alteration in the SC current setpoint, i sc * , is done at 8.6 s up to 11 s (Fig.  4) . First, a discharge of the SCs was forced in order to provide a current of 5 A to the DC-link. As there was no change in the load power demand, a reduction in the same proportion to the current supplied by the batteries to the system is observed. Similarly, at 9.7s, the operation of SCs is reversed and these are now charged by the system with a constant current of 5 A. Again, as the load remains constant, this resulted in a proportionality increase of the current supplied by the batteries (10 A).
Finally, the results of the third procedure are shown in Fig.  5 . The test is performed with two parts. First, at 6.9 s, the SCs assist the batteries to provide power to the system and second, between 7.5 and 8.1 s, there is an increase of the load at the DC link, as the requested power has doubled. At 6.9 s the batteries' current decreases due to the SCs assistance; after the load step (t = 7.5 s) the current increases to 8 A, and after t = 8.1 s a new current decrease occurs, because the current of the SCs is maintained constant and the load diminishes. These disturbances introduce a voltage regulation error in the DC link, but the controller is able to quickly attenuate the output voltage fluctuation (under ± 3 V), by modifying the batteries' current and compensate the increase of the power. Therefore, these power flows are correctly handled by the control system, and the maximum voltage error introduced in the DC link is inferior to 3 %.
V. CONCLUSIONS
A control architecture technique to share the power in double hybridization topology control, coupling batteries and SCs, was presented. The proposed control technique is achieved through a cascade of current and voltage controllers, complemented with the decoupling method. In order to validate the control strategy, a reduced scale physical prototype of the power hybrid system was implemented. The experimental results are in accordance with the simulations, showing satisfactory performance in the regulation of the DC link voltage and in handling the various power flows between the EV energy sources and the powertrain load . As future work, it is our intention to implement the DC-link controller in the experimental EV prototype described in [13] and incorporate an optimal strategy for the SC SOC generation.
